We present Interplanetary Network localization information for 218 gamma-ray bursts in the 3rd BATSE catalog, obtained by analyzing the arrival times of these bursts at the Ulysses and Compton Gamma-Ray Observatory (CGRO) spacecraft. For any given burst observed by these two spacecraft, arrival time analysis (or "triangulation") results in an annulus of possible arrival directions whose half-width varies between 7 arcseconds and 32 arcminutes, depending on the intensity and time history of the burst, and the distance of the Ulysses spacecraft from Earth. This annulus generally intersects the BATSE error circle, resulting in an average reduction of the error box area of a factor of 30.
Introduction
A knowledge of the precise positions of cosmic gamma-ray bursts (GRBs) is important for many studies. For example, recent observations of the optical counterparts to bursts have provided evidence that at least two of them are at cosmological distances (Metzger et al. 1997 , Kulkarni et al. 1998 and that, by implication, most or all of them may also be. One optical counterpart has been associated with a galaxy, and the majority of the models for the energy release in bursts have long invoked neutron star-neutron star or neutron star-black hole mergers (e.g. Paczynski 1991) . If this is correct, GRBs should originate in or close to galaxies, and correlations between burst positions and the large scale structure of the universe might be expected. In this context, it has been debated whether the positions of bursts are correlated with those of Abell clusters (Kolatt & Piran 1996; Hurley et al. 1997a; Struble & Rood 1997) and radio-quiet quasars (Hurley et al. 1997b; Schartel, Andernach, and Greiner, 1997) . In both cases, increased precision in the location accuracy leads to more stringent tests. Similarly, precise positions greatly improve searches for quiescent counterparts to GRBs in other wavelength ranges (e.g. Tokanai et al. 1997) , and can help confirm proposed associations between GRBs and fading counterparts (Hurley et al. 1997c ). Finally, burst recurrence from a single source is excluded in most cosmological models. Such recurrence would reveal itself through small-scale clustering in the angular distribution of burst locations, and the sensitivity of the distribution function to repeating sources is greater when the burst location accuracy is improved (Kippen, Hurley, & Pendleton 1998) .
We present here a catalog of 218 gamma-ray bursts from the detector aboard the Ulysses spacecraft, which were also observed by the Burst and Transient Source Experiment (BATSE), and cataloged in the 3rd BATSE catalog (Meegan et al. 1996) . In the present catalog, their positions have been improved in accuracy by arrival time analysis, or "triangulation". Detection of an event by these two widely separated instruments leads to a narrow annulus which intersects the BATSE error circle and reduces its area by a factor of ≈ 30. Such annulus/error circle intersections have played important roles in the examples cited above.
Instrumentation
The Ulysses GRB detector (Hurley et al. 1992 ) is one instrument in the 3rd Interplanetary Network of burst detectors. It consists of two 3 mm thick hemispherical CsI scintillators with a projected area of about 20 cm 2 in any direction. The detector is mounted on a magnetometer boom far from the body of the spacecraft, and therefore has a practically unobstructed view of the full sky. Because the Ulysses mission is in interplanetary space, the instrument also benefits from an exceptionally stable background. The GRB detector operates continuously, and over 97% of the data are recovered.
A unique feature of the mission is the fact that it is in heliocentric orbit with aphelion ≈ 5 AU. Thus it reaches an apogee of ≈ 6 AU or 3000 light-seconds, and during portions of the orbit, the GRB experiment is farther than any burst detector has ever been from Earth, resulting in greatly improved location accuracies for gamma-ray bursts.
The GRB instrument observes bursts in both a triggered and a real-time mode. The triggered mode is initiated when the number of counts in one of two possible time intervals exceeds a preset value. Because the background is stable, this number is defined in terms of an absolute number of counts, rather than a number of standard deviations above the background. The two time intervals may be selected among values from 0.125 to 4 s. Each of the two time intervals is associated with an independently selectable energy window, whose lower and upper thresholds lie between ≈ 15 and 150 keV. The data collected in the triggered mode consist of energy spectra, and either 16 s of 8 ms count rates, or 64 s of 32 ms count rates, in the ≈ 25 to 150 keV energy range; ≈ 1.8 and 7.4 s of the data stream record the time histories prior to trigger, respectively. Following a trigger, data are read out for ≈ 40 m, during which time the experiment cannot re-trigger. An example is shown in Figure 1 .
Independent of the trigger, a continuous stream of real time data is transmitted. This consists of count rates taken with 0.25, 0.5, 1, or 2 s time resolution. The resolution depends on the spacecraft telemetry rate, and the energy range is ≈ 25 to 150 keV, as for the trigger. Data are compressed in this mode. An example is shown in Figure 2 . The real time data serve many purposes. For example, numerous gamma-ray bursts which are not intense enough to trigger the detector can be reliably identified in the real time data, as we demonstrate below. Bursts arriving during trigger readout may also be identified. Finally, bursts whose duration exceeds the duration of the triggered memory can be fully recorded in this mode.
BATSE consists of eight detector modules situated at the corners of the Compton Gamma-Ray Observatory spacecraft. Each contains a Large Area Detector (LAD), a 50.8 cm diameter by 1.27 cm thick NaI scintillator. The trigger algorithm examines the count rates of two or more detectors in the 50 -300 keV energy range, over 64, 256, and 1024 ms intervals. The experiment is described in more detail in Meegan et al. (1996) . For most of the events in this catalog, we have utilized the DISCSC and PREB data types summed over two, three, or four detectors. This gives a 0.064 s resolution time history from 2 seconds prior to the trigger to 240 s or more after the trigger. We select discriminator channels 1 and 2, corresponding to the energy range 25 -100 keV, to match the Ulysses energy range as closely as possible. Rarely, this data type is not available; in that case we use MER, TTS, TTE, or 1 s resolution data. As BATSE is in low Earth orbit, the time history data are occasionally interrupted by data gaps and Earth occultation.
Search Procedure
Every cosmic burst detected by BATSE is systematically searched for in the Ulysses data as soon as the BATSE data are available for it. This is done by using the approximate arrival direction from BATSE and the position of the Ulysses spacecraft to calculate a range of possible arrival times at Ulysses . The calculation assumes generous uncertainties in the arrival direction to assure that the crossing window always includes the burst. Typical window lengths are 300 -500 s (e.g., Figure 2 ). In cases where the BATSE positions undergo substantial revision, a revised search window is calculated and the search is redone.
To carry out the search, the Ulysses real time count rates are extracted for the crossing window and plotted. The data are searched both automatically and by eye. In the automatic procedure, the background count rate is typically calculated over ten time intervals, and a > 4σ increase is searched for over 2 or more consecutive time intervals. The search by eye confirms the presence of the increase, and in some cases, identifies increases that were not detected in the automatic procedure due, for example, to a long rise time. If the burst is intense enough to trigger the Ulysses GRB detector, burst detection is usually immediately apparent in both the real time and the triggered data streams, with one noteworthy exception. Very short bursts (durations < 0.25 s) can trigger, but remain difficult to identify in the lower time resolution real time data. Conversely, long bursts which do not reach large peak intensities can be identified in the real time data, but may not trigger regardless of their time-integrated fluxes.
Deriving Annuli by Comparing BATSE and Ulysses Time Histories
When a GRB arrives at two spacecraft with a delay δT, it may be localized to an annulus whose half-angle θ with respect to the vector joining the two spacecraft is given by cosθ=cδT/D, where c is the speed of light and D is the distance between the two spacecraft. (This assumes that the burst is a plane wave, i.e. that its distance is much greater than D.) The annulus width dθ, and thus one dimension of the resulting error box, is c σ(δT)/Dsinθ where σ(δT) is the uncertainty in the time delay. This term has two components, one statistical and one systematic. The first is associated with the uncertainty in comparing the time histories of a burst recorded by two different instruments; the second is due to the uncertainty in the clock calibrations of the two spacecraft. A third source of error is the uncertainty in the knowledge of the spacecraft positions. We discuss each in turn.
In the simple case of identical detectors with identical backgrounds, the most probable delay δT and its error σ(δT) may be estimated as follows. Denote the two background-subtracted time histories by X i , Y i , i=1,...m, that is, X 1 is the number of counts in the first time bin for detector X, and Y 1 the number of counts in the first time bin for detector Y, and so on. Assume that the background can be estimated with arbitrary accuracy, and further that each value of X i and Y i is an independent normal random variable with variance X i and Y i respectively. For simplicity of notation, assume that the two time histories recorded by detectors X and Y are perfectly aligned when time bin 1 of detector X corresponds to time bin 1 of detector Y. Then for this perfect alignment, corresponding to zero lag between the two time histories, the quantity
is a random variable with mean zero and variance unity for every i. Thus
is distributed as χ 2 with n degrees of freedom. Here the sum is performed over some number n of time bins, where n ≤ m. Now allow the lag to vary slightly about zero, so that time bin i of detector X corresponds to time bin j of detector Y, and form the random variable
where the lag ij is now variable. The quantity
where the summation is over the intervals which X and Y have in common, is similarly distributed as χ 2 . In practice we do not know a priori the lag at which the best correlation will occur, so we test various lags ij until r 2 ij reaches a minimum, r 2 min . Then the lag or time delay corresponding to a 3σ equivalent confidence level is r 2 ij =r 2 min +9. (All annuli in this catalog have widths corresponding to 3σ equivalent confidence.)
Although this simple example describes the essential features of the method, there are numerous complicating factors in practice. For BATSE, the background varies over the orbit, and its value may not always be known accurately; the assumption of a normal distribution may also be violated when Cyg X-1 is in the field of view. The BATSE and Ulysses detectors have different areas, burst and background count rates, and time resolutions. We treat this by first, normalizing the BATSE background-subtracted time history to the Ulysses one so that two time histories have the same total number of counts. We also generate a BATSE time history with identical time resolution to the Ulysses one by scaling the counts in the original BATSE time bins. These adjustments complicate the above expressions considerably. However, through Monte-Carlo simulations, as well as time history comparisons using a completely different method (Laros et al. 1998) , we have verified that the procedure gives correct results. In addition to calculating the r 2 ij statistic, we also compute the correlation coefficient as a function of lag, namely
where the summations are over the intervals that X and Y have in common, and find its maximum value. The purpose of this calculation is to assure that the r 2 ij statistic has indeed identified the best lag; we require that the maximum ρ ij and the minimum r 2 ij correspond to identical lags, or at worst, that the difference between the lags be much less than the 3σ confidence interval. Finally, parabolic fits are done to both statistics to identify the best lag and the confidence intervals. An example is shown in Figures 3 and 4 .
The second uncertainty, due to the clock calibrations, is in principle much smaller than the 3σ confidence interval. The clock on the Compton Gamma-Ray Observatory is accurate to 100 µs, and this accuracy is verified through pulsar timing. Onboard software increases the uncertainty in the BATSE trigger times to ≈ 1 ms. The clock on the Ulysses spacecraft is calibrated during each daily tracking pass, and the clock drift is extrapolated until the next pass to obtain the correct time; the calibration is verified at six month intervals by sending commands to the GRB experiment at precisely known times. The exact procedure is described in Hurley (1994) . Due to spacecraft buffering of the commands, the result is that if it can be assumed that no errors larger than 125 ms are present, then the clock can be shown to be accurate to several milliseconds. For the purposes of triangulation, however, we take the extremely conservative approach that no 3 σ cross-correlation uncertainty is less than 125 ms. Larger timing errors have been identified in the past for both missions. The CGRO clock was found to have a consistent 2 s offset in the early part of the mission, and random timing errors between 0.25 and several hundred seconds occurred in certain types of Ulysses data. In all cases the data were reprocessed to obtain the results in this paper.
Finally, the uncertainties in the spacecraft ephemerides are truly negligible. The Ulysses range is known to ≈ 10 km, and the right ascension and declination of the spacecraft are accurate to ≈ 0.00003 degrees. The GRO range is known to better than 50 km, and the right ascension and declination to better than 0.01 degrees. The error that these uncertainties produce in the knowledge of the interspacecraft vector (i.e., the center of the annulus) is of order 0.0005 degrees, and therefore usually two orders of magnitude smaller than the timing uncertainties. As a conservative measure, this uncertainty is added linearly to the uncertainties in the annulus parameters caused by the timing. It typically increases the annulus width by several tenths of an arcsecond.
The radius of each annulus and its right ascension and declination are transformed to a heliocentric frame. This is equivalent to an aberration correction (maximum value ≈ 20 arcseconds), and involves two adjustments. The first is to the spacecraft time. The signal from a distant spacecraft may travel several thousand seconds on its way to Earth. Depending on the Earth's velocity vector relative to the spacecraft, the relative motion of the Earth and the spacecraft may not be negligible during this period. "Geocentric" clock times are related to the position of the Earth when the signal is received from the spacecraft. "Heliocentric" clock times, i.e., times related to the position of the Earth when the signal was transmitted, must be used. The difference between the two may be as large as several hundred milliseconds, and is often comparable to or greater than the statistical uncertainty of the time history comparison. The second adjustment is to the inter-spacecraft vector. Two observers moving with the Earth and with the sun see different vectors (i.e., annulus centers) as a result of their motions during the burst's transit time between the two spacecraft. This correction, too, may not be negligible. The result of triangulating the 1993 January 31 burst is shown in Figure 5 .
Although there have never been more than three widely separated spacecraft in the 3rd IPN, which would have provided redundant determinations and therefore a verification of burst positions, there have been numerous instances where a burst source with a known position was triangulated with Ulysses , BATSE, and other spacecraft. These include the soft gamma repeater SGR1806-20 and the bursting pulsar GRO J1744-28 (Hurley et al. 1996 , the 1997 January 11 burst localized by BeppoSAX (Galama et al. 1997) , the 1997 February 28 burst, with both a BeppoSAX location and an optical transient (Hurley et al. 1997c) , and numerous other BeppoSAX bursts (e.g. Hurley et al. 1998b) . In each case the triangulated position was in good agreement with the known position of the source.
Burst Selection Criteria
We have used several selection criteria for the bursts in this catalog. The first is that the burst must have been detected by Ulysses and BATSE. Because of the very different detector sizes, all the bursts satisfying this criterion are observed to be rather intense by BATSE, and therefore detection by BATSE is unambiguous. However, the weaker events (as observed by Ulysses in the real time mode) may be difficult to identify. In these cases, we rely on several supplementary semi-empirical criteria. One is that the r 2 min statistic, divided by the number of degrees of freedom, be less than unity. Another is that the maximum value of the correlation coefficient ρ be greater than 0.5. Yet another is that the ratio of Ulysses counts to BATSE counts lie in the range 0.019 ± 0.009. It might seem unusual that the average value of this ratio is 0.019, whereas the ratio of the the Ulysses projected area in any direction to a single BATSE LAD area is closer to 0.01, and the BATSE counts are derived from at least two LAD's in this procedure. Several factors account for this. First, the Ulysses energy range is wider than BATSE's: 25 -150 keV vs. 25 -100 keV. Second, the Ulysses lower energy threshold actually allows photons with energies as low as 15 keV to be counted, albeit with lower efficiency. Third, the two Ulysses hemispherical detectors are thin, so photons which do not interact in one hemisphere may interact in the other, increasing the effective area. Finally, the BATSE count rates are not corrected for dead time, which is known to affect the brighter bursts (which are in general among the bursts we observe).
This set of criteria is not an absolute one. To a good approximation, every gamma-ray burst is different from every other one. In addition, data gaps, Earth occultation, telemetry noise, unusual background behavior, and different data modes complicate some analyses. In some cases, bursts satisfying all the criteria above are rejected because they are simply too weak to allow reliable triangulation. In other cases, bursts which do not satisfy one or more criteria may be accepted.
A final criterion for inclusion in this catalog is that the burst must not have been observed by a third interplanetary spacecraft. The Ulysses / BATSE bursts also observed by Mars Observer have been published in Laros et al. (1997) . The Ulysses /BATSE bursts also observed by Pioneer Venus Orbiter are in press (Laros et al. 1998 ).
A Few Statistics
Over the period covered by the 3B catalog, Ulysses observed 346 confirmed cosmic gamma-ray bursts (i.e., bursts that were observed by at least one other spacecraft). Of these, 274 were observed by Ulysses and BATSE and in some cases, other spacecraft as well. 2 Since BATSE observed 1122 bursts during this period, Ulysses observes approximately one out of every 4 BATSE bursts. Of the 274, 64 were observed by Ulysses in triggered mode, and 210 in real time mode.
Finally, 220 were observed by Ulysses and BATSE, but not by a third interplanetary spacecraft; two of these could not be triangulated according to the criteria explained above.
The histogram of Figure 6 shows the distribution of annulus half-widths for the 218 bursts localized. The smallest is about 7 ′′ , the largest 32 ′ , and the average is 4.5 ′ . 158 of the annuli, or 72%, intersect the BATSE 1 σ error circles, whose radii are defined by r 1σ = σ 2 stat + σ 2 sys , where σ sys is the systematic error, 1.6 o , and σ stat is the statistical error. Figure 5 shows one example. This is less than the number which would be predicted (87%). An analysis of a preliminary version of the IPN catalog describes several more complicated BATSE error models that are consistent with the BATSE-IPN separations (Briggs et al. 1998a) . A more extensive analysis, utilizing the Ulysses supplement to the 4B catalog, is in progress (Briggs et al. 1998b) . One quantity of interest is how close the annulus passes to the center of the error circle. Let α 1 , δ 1 be the right ascension and declination of the center of a BATSE error circle, and let α 2 , δ 2 , θ 2 be the right ascension, declination, and radius of an annulus. Then the minimum distance between the error circle and the annulus is given by d =| θ 2 − cos −1 (sin(δ 1 ) sin(δ 2 ) + cos(δ 1 ) cos(δ 2 ) sin(α 1 − α 2 )) |. A histogram of the distribution of minimum distances between the annuli and the centers of the BATSE error circles is given in Figure 7 .
In general, the annuli obtained by triangulations are small circles on the celestial sphere, so their curvature, even across a relatively small BATSE error circle, is not always negligible, and a simple, four-sided error box cannot be defined. This curvature can be seen in Figure 5 . For this reason, we do not cite the intersection points of the annulus with the error circle. However, we give here the formulas for finding these points for those cases where it may be useful. Let α 1 , δ 1 , θ 1 and α 2 , δ 2 , θ 2 be the right ascension, declination, and radii of the two small circles. Let α, δ be the right ascension and declination of the intersection points. Then
where a=− cos 2 δ 1 cos 2 δ 2 sin 2 (α 1 − α 2 ) + 2 sin δ 1 sin δ 2 cos δ 1 cos δ 2 cos(α 1 − α 2 ) − sin 2 δ 2 cos 2 δ 1 − sin 2 δ 1 cos 2 δ 2 , b=−2(cos θ 1 sin δ 2 + cos θ 2 sin δ 1 ) cos δ 1 cos δ 2 cos(α 1 − α 2 ) + 2 cos θ 2 sin δ 2 cos 2 δ 1 + 2 cos θ 1 sin δ 1 cos 2 δ 2 , and c=cos 2 δ 1 cos 2 δ 2 sin 2 (α 1 − α 2 ) + 2 cos θ 2 cos θ 1 cos δ 1 cos δ 2 cos(α 1 − α 2 ) − cos 2 θ 2 cos 2 δ 1 − cos 2 θ 1 cos 2 δ 2 , For each of the two values of the declination δ the corresponding right ascension α is given by α = α 1 + cos −1 cos θ 1 −sin δ sin δ 1 cos δ cos δ 1 Figure 8 shows the BATSE peak fluxes and fluences for 162 of the 218 bursts with flux and fluence entries in the 3B catalog. There is a slight tendency for some of the smaller fluence events to have relatively large peak fluxes over a time interval comparable to that of the Ulysses real time data, which helps to explain why these bursts were detected by Ulysses . To estimate the completeness of this catalog, we have calculated the ratios of the number of bursts detected by Ulysses to the number detected by BATSE above several flux and fluence thresholds starting with the weakest events in the BATSE catalog; we have used the 25-100 keV fluences in erg cm −2 and the peak 25 -300 keV fluxes over 256 ms in photons cm −2 s −1 . Since events detected by a third spacecraft are not included in the present catalog, the numbers given represent lower limits to the completeness. Table 1 summarizes the results. .65
Finally, we have analyzed these annuli for intersections which might provide evidence of repeating bursts from a single source. Although there was a large, but statistically insignificant number of two annulus intersections, we found only one case where a three-way intersection almost occurred (BATSE bursts 451, 2286, and 2619); the data are therefore consistent with no burst repetition.
Table of Annuli
The ten columns in table 1 give: 1) the date of the burst, in ddmmyy format, 2) the Universal Time of the burst at Earth, 3) the BATSE number for the burst, 4) the BATSE right ascension of the center of the error circle (J2000), in degrees, 5) the BATSE declination of the center of the error circle (J2000), in degrees, 6) the total 1 σ statistical BATSE error circle radius, in degrees, (the approximate total 1σ radius is obtained by adding 1.6 o in quadrature, but see Briggs et al. 1998a,b for an improved error model), 7) the right ascension of the center of the IPN (BATSE/Ulysses ) annulus, epoch J2000, corrected to the heliocentric frame, in degrees, 8) the declination of the center of the IPN (BATSE/Ulysses ) annulus, epoch J2000, corrected to the heliocentric frame, in degrees, 9) the angular radius of the IPN (BATSE/Ulysses ) annulus, corrected to the heliocentric frame, in degrees, and 10) the half width of the IPN (BATSE/Ulysses ) annulus, in degrees; the 3 σ confidence annulus is given by R IPN ± δ R IP N . This list supercedes previous ones which have been circulated in the past, but not published. The changes to it include: 1) the use of final time history and spacecraft ephemeris data; earlier lists often used preliminary and predict data, with correspondingly larger timing uncertainties, 2) transformation of annuli to heliocentric coordinates; earlier lists often gave geocentric coordinates, with correspondingly larger uncertainties in the annulus widths, 3) removal of weak events according to the criteria in section 5, 4) reprocessing of data to eliminate known clock errors, and 5) careful examination of bursts whose BATSE time histories were truncated by data gaps and Earth occultation.
Figures 9 and 10 compare the BATSE error circles with the IPN annulus/error circle intersections for the bursts in this catalog. To generate this plot, it was assumed that all annuli pass through the centers of their corresponding BATSE error circles.
We stress that while the BATSE data are for the bursts listed in the 3B catalog, the locations and error circle radii are in fact the updated ones which will appear in the 4B catalog. They have been taken from the latest online catalog, and are given here for convenience only. 3 Finally, we add that 150 Ulysses /BATSE bursts were detected over the period between the end of the 3B 3 The catalog (http://www.batse.msfc.nasa.gov/data/grb/4bcatalog/) should be considered to be the ultimate source of the most up-to-date BATSE data. Table 1 is available electronically from http://ssl.berkeley.edu/ipn3/index.html.
-12 -catalog and the end of the 4B catalog. Analysis of these events has been completed and is being published in conjunction with the 4B catalog. Table 1 ).
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